Maerl beds are one of the world's key coastal ecosystems and are threatened by human activities and global change. In this study, the genetic diversity and structure of one of the major European maerl-forming species, Phymatolithon calcareum, was studied using eight microsatellite markers. Two sampling scales (global: North East Atlantic and regional: Galicia) were investigated and fifteen maerl beds from Atlantic Europe were sampled. At the regional-scale the location of sites outside and within four estuaries allowed to test for the influence of coastal configuration on population connectivity and genetic diversity. Results suggested that clonal reproduction plays an important role in the population dynamics of P. calcareum maerl beds. Clonality was variable among populations, even within the same region. At the European scale, these differences in clonality cannot be explained by the geographic or latitudinal distribution of the populations studied. A significant genetic differentiation was found among almost all population pairs and a positive correlation between geographic and genetic distances showed the limited dispersal capacity of P. calcareum. Moreover, a very clear pattern of genetic structure was revealed at the regional scale between populations located within and at the mouth of the estuaries. Genetic differentiation among estuaries was less marked for the sites located in outer-zones compared to those located in the innerzones. In addition, variation in level of clonality linked to seascape was also observed: populations situated in the outer-zones of the estuaries were less clonal than those in the inner-zones. Finally, populations from the same estuary generally shared one or several mutilocus genotypes.
INTRODUCTION
The majority of plants involve both sexual and asexual/clonal reproduction (Halkett et al., 2005; Vallejo-Marín et al., 2010) . The balance between the two modes of reproduction varies widely between species and even between populations of the same species, highly influencing demography and genetic structure (Eckert, 2002; Halkett et al., 2005) . Most asexual reproductive modes, such as vegetative propagation, bypass meiosis and do not involve recombination. In this case, asexual offspring (ramets) are exact genetic copies of the parent genotypes (produced by sexual reproduction) with exceptions linked to somatic mutations (Harper, 1981; Eckert, 2002; Vallejo-Marín et al., 2010) . All ramets produced clonally, as well as the original parental individual, are part of the same genetic unit also called a genet (Vallejo-Marín et al., 2010) . In dense populations inhabiting stable environments, extensive clonal spread has been observed (Arnaud-Haond et al., 2010) . Within these populations, increasing competition among genets for space or resources through time could lead to an overwhelming dominance of one or a few clonal lineages: the more ecologically competent excluding the less fit lineage (Eriksson, 1993; Arnaud-Haond et al., 2010; Becheler et al., 2014) . By combining both sexual and clonal mode of reproduction, partially asexual organisms can potentially generate new recombinant genets at each generation avoiding then the accumulation of deleterious mutations while being able to maintain the best performing genotypes over time scales far exceeding sexual generation times (Otto and Lenormand, 2002; Arnaud-Haond et al., 2012) . Asexual reproduction has been reported to be more important at the limit of the species range distribution, where adverse environmental conditions can limit sexual reproduction referred to as geographic parthenogenesis in Kearney (2005) . In brown, red, and green macroalgae, ramets constitute free-living forms after thallus fragmentation (Fucus: Johannesson et al., 2011 ; Agarophyton, previously known as Gracilaria: Guillemin et al., 2008; and Caulerpa: Ceccherelli and Cinelli, 1999) . These drifting fragments (mature or vegetative) are considered as the major mechanism for long distance dispersal in macroalgae (review in Macaya et al., 2016) .
Traits linked to the reproductive system and migration ultimately generate the spatial pattern of genotype distributions, hence influencing the intraspecific competition for resources utilization and the species capacity to buffer negative impacts of stochastic environmental changes. Estimating the rate of sex is central in predicting the resilience of partially asexual organisms since different evolutionary consequences are expected in asexual and sexual populations after large perturbations (Hörandl, 2006) . Resilience of asexual populations could be favored on the short term since large clones have a higher probability to survive bottlenecks and high clonality may somewhat buffer the loss of variation linked to severe population size reduction (DiazAlmela et al., 2008) . On the contrary, sexual populations in which genetic diversity could be quickly replenished, could show better resilience on a long term scale than asexual ones (Hörandl, 2006) . Information about genetic diversity, population connectivity, and the impact of the reproductive system on genotype assemblages is then a prerequisite to assess population resilience to climatic changes or the direct impact of human activities and design effective management plans for keystone species (Gaines et al., 2010; Segelbacher et al., 2010) . The use of genetic data has been shown to be of paramount importance in defining optimal number and size of Nature Reserves (Soulé and Simberloff, 1986) and establish long term management practices and ecological restoration programs (Schwartz et al., 2007) .
In the marine realm, the maerl beds (also known as rhodolith beds) function as autogenic ecosystem engineers (Barbera et al., 2003) . The complex nature of the three-dimensional calcified habitat structure generated by the maerl forming species host a large variety of organisms, the associated communities presenting an exceptional biological and functional diversity (Foster, 2001; Barbera et al., 2003; Grall et al., 2006; Peña et al., 2014a) . Maerl beds provide a unique habitat to many commercially important crustacean, bivalve and fish species Grall et al., 2006) and can be seen as one of largest stores of carbon in the biosphere (Birkett et al., 1998) . Worldwide, maerl-forming species are threatened due to anthropogenic disturbances (e.g., large-scale extraction, dredging, destructive fishing, and fish and mussel farming) as well as global climatic changes (e.g., ocean warming and acidification; Barbera et al., 2003; Grall and HallSpencer, 2003; Peña and Bárbara, 2008; Nelson, 2009; Brodie et al., 2014) . Rhodolith beds regression would presumably result in more unfavorable conditions for many benthic organisms due to the loss of habitat and food resources (Airoldi et al., 2008; Cloern et al., 2016) . Maerl-forming species are partially asexual organisms that combine the characteristic complex sexual life cycle of haploid-diploid red algae with vegetative fragmentation (see Figure 1) . The importance of sexual vs. asexual reproduction varies between species and even between regions within species; and some authors proposed that for the most common species forming maerl beds along the temperate coast of North European (NE) Atlantic, asexual reproduction by fragmentation is the main mechanism of population renewal and maintenance (Bosence, 1976; Irvine and Chamberlain, 1994; Peña et al., 2014b; Pardo et al., 2017) . Maerl lifespan can reach hundreds of years (i.e., living rhodolith's age estimated between a few hundred years up to thousand years, depending on the species and methodology used; Littler et al., 1991; Foster, 2001; Goldberg, 2006; McConnico et al., 2014) and populations of secular clones could exhibit low resilience to disturbances (McConnico et al., 2014) . Despite their ecological significance, the maerl bed's dynamics of recruitment, maintenance, and main mechanisms of dispersion and colonization are not well understood. In particular, knowledge on the impact of clonal propagation, scales of dispersal, and gene flow on spatial genetic diversity of these habitat-forming algae is required to develop relevant management strategies. Moreover, habitat differences such as those found between estuarine and open sea habitats may also be important features shaping the pattern of genetic differentiation at a local scale (as for example in a fucoid alga: Coleman et al., 2018) .
Among the NE Atlantic maerl beds, recent assessments using molecular approaches detected up to ten maerl-forming species (Peña et al., 2011 Pardo et al., 2014a Pardo et al., , 2017 Hernández-Kantún et al., 2015) . Most species show a restrained geographic FIGURE 1 | The typical life cycle of maerl-forming species, including Phymatolithon calcareum. Sexual reproduction typically involves an alternation between diploid sporophytes and haploid male and female gametophytes. Regardless of their phase or sex, all spore recruits grow into encrusting-forms. The sporophyte (2n) produces, through meiosis, tetraspores (n) that are released and further develop as gametophytes. Male gametophytes (n) produce gametes by mitosis that are released and fertilize the gametes of female gametophytes (n) produced in uniporate conceptacles. Fertilization results in the formation of a zygote, which undergoes a complex series of changes that ultimately result in a diploid carposporophyte, retained on the female thallus. Carposphorophyte produces carpospores (2n) mitotically, which develop as sporophytes when they are released, completing the sexual cycle. Branches of encrusting growth-forms can break and grow into large unattached thalli that characterize the maerl (generally only reports of sporophytic maerl plants, Cabioch, 1969 Cabioch, , 1970 Mendoza and Cabioch, 1998; Pardo et al., 2017) . Fragmentation of branches from free-living maerl thalli can also occur enhancing the sporophyte vegetative reproduction (Bosence, 1976; Peña et al., 2014b; Pardo et al., 2017) . Attached and unattached sporophyte thalli can also reproduce asexually by apomeiotic uninucleate bispores (Irvine and Chamberlain, 1994) . Photos of an attached gametophyte (specimen with sexual uniporate conceptacles from Molène Archipelago described in Pardo et al., 2017, photograph by Cristina Pardo) and an unattached sporophyte (specimen with sexual multiporate conceptacles from Morlaix used in our study, photograph by Ignacio Bárbara) are given in the upper right hand corner and the lower right hand corner, respectively. Close-up from sexual uniporate conceptacles and multiporate conceptacles are given in circular inserts within the sexual life cycle. Please note that sporophytes of red algae producing tetraspores are commonly named tetrasporophytes in the literature. distribution, while Phymatolithon calcareum (Pallas) W. H. Adey and D. L. McKibbin is confirmed as one of the most widespread builder of maerl beds in the temperate waters of this area (from Norway to the Iberian Peninsula, Carro et al., 2014; Pardo et al., 2014a) . The existence of cryptic species within the same maerl bed (e.g., Carro et al., 2014) and the lack of genetic markers available for these non-model plants have, to date, restrained our capacity to develop population genetic studies. The main objective of our work was to determine the impact of clonal propagation on diversity and genotypic assemblage in P. calcareum populations sampled from fifteen sites along the temperate NE Atlantic coast, using eight microsatellites developed by Pardo et al. (2014b) . In species with haploiddiploid life cycle, high rate of asexual reproduction can lead to an overdominance of one of the phases (Guillemin et al., 2008; Krueger-Hadfield et al., 2016) . The level of clonality of P. calcareum populations was estimated by combining direct observations of reproductive structures, appraisal of the sporophytes / gametophytes ratio and classical estimates of genetic and genotypic diversity (Eckert, 2002; Arnaud-Haond et al., 2007) . Our sampling covers the main distribution area of this maerl-forming species, from the British Isles to the Iberian Peninsula. In this study, we aim to answer the following questions: (i) what is the level of clonality of P. calcareum populations and its variation among populations?; (ii) what is the effect of clonality on the genetic diversity and the genotypic assemblage at a large scale, and is there any geographical trend linked to latitude?; (iii) at the local scale of the NW Iberian Peninsula (Galicia), how is the seascape shaping the patterns of genetic and genotypic differentiation within and among estuaries?
MATERIALS AND METHODS

Model Species
Phymatolithon calcareum is a non-geniculate coralline red alga encountered along the coast of the North Atlantic (from Norway to Atlantic Iberian Peninsula) and Mediterranean Sea. It is further considered one of the major maerl species, forming vast beds in temperate/cold waters within its distribution range (Pardo et al., 2014a) and is also listed as species whose exploitation requires management (in Annex V of Eriksson and Fröborg, 1996) . The species' complex sexual life cycle involves an alternation between two types of independent functional individuals: the diploid sporophyte and haploid, dioicious gametophytes (Figure 1 ). Phymatolithon calcareum is also able to reproduce asexually via vegetative fragmentation as well as more rarely by apomeiotic uninucleate bispores (Figure 1) . All spores (haploids or diploids) grow into encrusting-forms (Figure 1) and even though the formation of bispores has also been reported in maerl-forming species, the presence of crusts has generally been associated with the occurrence of sexual reproduction in this species (Cabioch, 1969 (Cabioch, , 1970 Mendoza and Cabioch, 1998) . While there are reports of fertile plants (both gametophytes and sporophytes) in the Mediterranean (Bressan and Babbini, 2003; Wolf et al., 2016) , along the North European Atlantic (NE Atlantic), crustose forms of P. calcareum are very rare and have so far almost exclusively been observed in the French region of Brittany, growing as small epilithic crusts on pebbles or dead maerl (Mendoza and Cabioch, 1998; Peña et al., 2014b; Pardo et al., 2017) . North European Atlantic maerl beds of P. calcareum are typically composed of free-living diploid sporophyte thalli that originated from broken branches initially growing on tetrasporophyte crusts (Figure 1) . Maerl plants continue to grow, fragment, and multiply during their life with occasional production of tetrasporangial conceptacles (Cabioch, 1969 (Cabioch, , 1970 Bosence, 1976; Irvine and Chamberlain, 1994; Mendoza and Cabioch, 1998; Peña et al., 2014b; Pardo et al., 2017) (Figure 1) . Further, the low abundance of encrusting individuals or free-living rhodoliths bearing reproductive organs have led to the conclusion that P. calcareum rhodolith beds were highly clonal and asexual reproduction by fragmentation of the own free-living maerl plants has been proposed as the main mechanism of their population renewal and maintenance (Bosence, 1976; Irvine and Chamberlain, 1994; Peña et al., 2014b; Pardo et al., 2017) .
Sampling, DNA Extraction, Molecular-Based Species Detection and Genotyping
Maerl samples were collected along the NE Atlantic coasts between February and July 2011 in fifteen maerl beds distributed from the British Isles to Southern Portugal; eight of them located within protected areas (e.g., Natura 2000 1 ) (Supplementary Table S1 ). To assess the pattern of genetic and genotypic diversity at different spatial scales, a hierarchical sampling design was applied. At the scale of the North Atlantic, four different geographic regions were defined according to the principal biogeographic provinces delimited in Spalding et al. (2007) : the British Isles, Atlantic France, Atlantic Spain, and Southern Portugal (Supplementary Table S1 ). Except for South Portugal, three to four areas were sampled within each region: three areas in the British Isles (Northern Ireland, Wales, and England), three areas in Atlantic France (Northern Brittany, Western Brittany, and Southern Brittany), and four areas in Atlantic Spain (Ría de Muros e Noia, Ría de Arousa, Ría de Pontevedra, and Ría de Vigo) (Supplementary Table S1 and Figure 2 ). Southwards, maerl beds composed of P. calcareum are found in the Algarve region, where only one bed could be sampled (Carro et al., 2014; Pardo et al., 2014a) (Supplementary Table S1 and Figure 2 ). At the regional scale of Galicia, sampling was performed in the outermost zone (hereafter referred to as "outer-zone") and the middle sector (hereafter referred to as "inner-zone") of four estuaries (Figure 2) . In our study, the sampled outer-zones were San Francisco, Barbafeita, Illa de Ons, and Illas Cíes; and the sampled innerzones were Bornalle, Benencia, Tulla and Con de Pego (in Ría de Muros e Noia, Ría de Arousa, Ría de Pontevedra, and Ría de Vigo, respectively; Figure 2 and Supplementary Table S1 ).
Maerl samples were collected by scuba diving at 3.9-20 m of depth. At each site, the sampling design consisted of 12-16 sampling points separated by 1-3 m along a linear transect in the maerl bed (i.e., a total transect length of 14-50 m). In each sampling point of the linear transect, three to six samples were collected randomly. The number of maerl samples collected per transect varied depending on the maerl bed's density. Once in the laboratory, specimens were air-dried and stored in silica for later observation and DNA extraction. Each individual was observed under a stereomicroscope and the presence of uniporate and multiporate conceptacles was used to define the phase (i.e., haploid gametophyte or diploid sporophyte; Figure 1 ). Genomic DNA extraction was performed using the NucleoSpin 96 Tissue kit (Macherey-Nagel, Düren, Germany) following the manufacturer's protocol. For all samples, a fragment of 950 base pairs (bp) of the plastidial gene photosystem II reaction center protein D1 (psbA) was amplified using the primers psbA-F1 and psbA-R2 from Yoon et al. (2002) . Additionally, in some specimens, a fragment of 664 bp of the 5 end of the mitochondrial gene cytochrome oxidase I (COI-5P) was amplified using the primers GazF1 and GazR1 or GCorR3 (Saunders, 2005; Pardo et al., 2014a) . PCR conditions and thermal profiles followed those in Saunders and McDevit (2012) and Pardo et al. (2014a) . Comparisons of the psbA and COI-5P sequences to the DNA barcodes available for the neotype specimen (voucher BM000712373, Pardo et al., 2014a; Peña et al., 2014b) were used to identify P calcareum samples.
Eight microsatellite loci developed by Pardo et al. (2014b) were amplified in two multiplex reactions for all samples identified as P. calcareum. Multiplexed PCR products were genotyped on an Applied Biosystems 3730XL DNA analyzer at Macrogen (Seoul, Korea) and scored using the GeneMarker R v1.7.0 software (SoftGenetics, State College, PA, United States). The raw data supporting the conclusions of this manuscript are available in Supplementary Table S2 and can also be downloaded from Dryad (doi: 10.5061/dryad.ds2714g). Prior to analyses, raw data were checked for null alleles using a maximum-likelihood estimator with the software ML-NULLFREQ (Kalinowski and Taper, 2006) .
Clonal Diversity
First, in order to assess the capacity of the eight microsatellite loci genotyped to discriminate all possible distinct MultiLocus Genotypes (MLGs) in each site, a jackknife resampling of loci (1000 permutations) was used to estimate the average number of distinct MLGs that can be detected using the GENECLONE v.2.0 software (Arnaud-Haond and Belkhir, 2007) . Herewith, the accumulation curve of the clonal diversity (R; genotypic diversity index; calculated as R = (G -1)/(N -1), with G being the number of MLGs detected in the population and N the total number of individuals sampled; Dorken and Eckert, 2001) given the number of loci genotyped was plotted. The level of clonality within each site was estimated by calculating the number of MLGs and their Psex using the GENECLONE v.2.0 software (Arnaud-Haond and Belkhir, 2007) , where Psex is the probability that a given MLG detected in N samples derived from distinct sexual reproductive events (i.e., thus actually belonging to different genets) (Arnaud-Haond et al., 2007) . In order to limit overestimation of events of asexual reproduction in the investigated maerl beds, identical MLGs were considered as ramets of the same genet only when Psex fell below a threshold value fixed at 0.05. Indeed, for molecular markers with limited polymorphism and low statistical power, some distinct lineages could falsely appear identical (Arnaud-Haond et al., 2007) . The genotypic diversity (R genets ) was calculated only taking into accounts the different genets as R genets = (G genets -1)/(N -1), with G genets being the number of genets detected in the population (including all repeated MLGs with Psex > 0.05) and N the total number of individuals sampled (Dorken and Eckert, 2001) . Additionally, the effectiveness of our sampling effort to properly estimate the genotypic diversity in P. calcareum beds was tested using a resampling procedure where R values were estimated for multiple random combination of sampling units, for sample sizes ranging from 1 to N (N being equal to 75, the maximum sampling size within the data set; Bornalle, Table 1 ). The rate of change in R with increasing sampling size N i.e., dR dN was then plotted to estimate the number of sampled individuals required to yield R values approaching the asymptote (Arnaud-Haond and Belkhir, 2007) .
Genetic Diversity and Structure
Note that all analyses of genetic diversity and structure were only carried out for sites with N ≥ 10 P. calcareum (11 sites, Table 1 ) and that the site of Falmouth was not included since specimens sampled in this site were possibly triploids (more details are given at the beginning of the results section). Two data sets were constituted: a first a data set including all the sampled individuals (hereafter named "ramets") and a second one where repeated MLGs with Psex lower than 0.05 were removed (hereafter named "genets"). The following analyses were implemented using both, the "ramets" and the "genets" data sets.
For each site, number of alleles (Na), number of private alleles (Nap), observed heterozygosity (Ho), and unbiased expected heterozygosity (He) were computed for each locus and over all loci using GenAlEx v.6.501 (Peakall and Smouse, 2012) . Allelic richness (AR) was estimated with a rarefaction approach using the software HP-RARE v.1 (Kalinowski, 2005) . Estimations of AR were calculated standardizing the sample size to N = 11 for the "ramets" and N = 4 for the "genets" data set.
For each population, linkage disequilibrium (LD) was assessed using the association index r d in MultiLocus v.1.2. (Agapow and Burt, 2001 ). To test departure from random associations between loci, the observed dataset was compared with 1000 simulated datasets, in which recombination was imposed by randomly reshuffling the alleles, independently for each locus, among individuals (Agapow and Burt, 2001) . Tests for departure from Hardy-Weinberg equilibrium were performed using FSTAT v.2.9.3.2 (Goudet, 1995) . F IS was calculated for each locus and over all loci according to Weir and Cockerham (1984) and significance was tested by running 1000 permutations of alleles, among individuals, within samples. To investigate population differentiation, Weir and Cockerham's unbiased measure of F ST was estimated over all loci using FSTAT v.2.9.3.2 (Goudet, 1995) . To test isolation by distance (IBD) a Mantel test was carried out using 999 permutations in GenAlEx v.6.501 (Peakall and Smouse, 2012) . As suggested by Rousset (1997) for sampling schemes undertaken in at a two-dimensional scale, F ST / (1-F ST ) was plotted against the logarithm of the geographical distance between each populations pair.
At the regional scale of Galicia, a nested analysis of molecular variance (AMOVA) was implemented using ARLEQUIN v.3.1 (Excoffier et al., 2005) to test for the partition of genetic variance within sites, between sites within estuaries, and among estuaries. In addition, differences between sites located in the outer, and inner-zone of the estuaries were tested for several genetic measures (R, AR, Ho, He, and F IS ) using non-parametric Mann-Whitney tests with STATGRAPHICS 2 .
RESULTS
Of the 1142 maerl plants sequenced, 455 samples were identified as P. calcareum. The percentage of P. calcareum observed was very variable depending on the site under study, ranging from 96% in Benencia (Galicia) to 0% in Brest (Western Brittany) (Supplementary Table S1 ).
Most of the P. calcareum plants were vegetative even if some sporophytes (44 over the 455 studied, 10%, Supplementary Table S2) were identified thanks to the occurrence of sexual structures (i.e., presence of multiporate conceptacles, see Figure 1) . No mature gametophytes, characterized by uniporate conceptacles (Figure 1) , were detected. Of the 455 P. calcareum individuals, 447 were successfully scored for the eight microsatellite loci ( Table S2 ). All populations, except Falmouth, were composed exclusively of diploid sporophytes. All specimens collected in Falmouth (32 plants, Table 1 and Supplementary Table S1 ) displayed a triploid profile in three of the eight loci scored (PC-2, PC-3, and PC-7, Pardo et al., 2014b) and were considered as possible triploid sporophytes. In Falmouth, clonal diversity (G and R) was estimated by directly using the triploid data set (Menken et al., 1995) .
Missing Data and Power of Clone Detection of the Eight Microsatellites Genotyped
Of all the individuals genotyped, only four did not amplify at all eight microsatellite loci and were not included in our analyses ( Table 1) . One individual did not amplify for the locus PC-8 while three individuals did not amplify for the locus PC-6 (Supplementary Table S2 ). When only considering the individuals scored at every locus, results from ML-NULLFREQ (Kalinowski and Taper, 2006) showed evidence of null alleles at the loci PC-6 (null allele frequency = 20.58%) and PC-8 (null allele frequency = 24.41%). Even if missing data can have an impact on the estimation of genotypic frequencies (Gourraud et al., 2004) , we chose to keep all loci in the subsequent analyses since (i) our capacity to detect distinct MLGs was limited at some sites, even when all eight microsatellite loci were included (see Supplementary Figure S1 ), and (ii) it has been demonstrated that including loci with low to moderate frequencies of null alleles (i.e., <20-30%) does not profoundly affect classical and Bayesian population genetic analyses of population structure (Séré et al., 2014) .
The power of the eight microsatellite loci genotyped to discriminate all possible distinct MLG was sufficient at five sites of the study area (Zara Shoal, Illa de Ons, Illas Cies, Tulla, and Bornalle; Supplementary Figure S1) , as the accumulation curve of the clonal diversity reached a plateau at values lower than eight. In contrast, the curve obtained for three sites (Barbafeita, Benencia, and Falmouth; Supplementary Figure S1 ) did not show the typical asymptotic growth nor a plateau. Likewise, in Con de Pego, Morlaix, and Trevignon (Supplementary Figure S1 ) the accumulation curve did not reach a plateau even when using the eight loci available. Therefore, it is possible that our estimation of clonal diversity in these last six sites may be less accurate.
In sites where more than ten maerl plants of P. calcareum were sampled (11 sites), the number of MLGs varied from two (Falmouth, 32 samples) to 33 (Zara Shoal, 48 samples) ( Table 1) . For most repeated MLGs, Psex values were lower than 0.05, suggesting that a high number of them were ramets of the same genet (Supplementary Table S2 ). However, in the six sites where the power of the eight microsatellites genotyped for MLG distinction was low (Barbafeita, Benencia, Falmouth, Con de Pego, Morlaix, and Trevignon; Supplementary Figure S1 ), some repeated MLGs had Psex values higher than 0.05 and were considered as the possible outcome of sexual reproduction and kept as different genets (Table 1 and Supplementary Table S1) . Except for Benencia, within the aforementioned sites, only a few repeated MLGs show Psex > 0.05, and our estimation of clonal diversity is likely unaffected ( Table 1) . In Benencia, 17 copies of repeated MLGs could not be considered to come from asexual reproduction ( Table 1) .
Clonal Identity
In two sites where less than ten maerl plants of P. calcareum were sampled (Armaçao de Pêra in South Portugal and San Francisco in Galicia), all samples belonged to distinct MLGs ( Table 1 ). In the eleven sites where more than ten P. calcareum were sampled, a typical signature of clonality was observed with a number of genets much lower than the total number of samples ( Table 1) . Zara Shoal and Illa de Ons showed a relatively high clonal diversity (R = R genets = 0.681 and 0.634, respectively), while the site of Falmouth was the less clonally diverse, with a R of only 0.032 ( Table 1) . Because of the lack of power of our markers, in Benencia, its clonal diversity was more difficult to estimate and the value of R genets was six times higher (0.274) than the value of R (0.041) ( Table 1) . Clonal diversity was highly variable within regions and even within estuaries (for example, in Ría de Pontevedra, R genets from Illa de Ons is three times higher than from Tulla, Table 1 ).
Interestingly, our study revealed that in seven cases two MLGs within the same site were differentiated by a single mutational step and that in three cases these pairs of MLGs belonged each to one rare genotype and one frequent one (Supplementary Table S2 ). In Falmouth, the difference between the rare MLG (N = 1) and the frequent MLG (N = 31) occurred at a locus where three alleles were detected (PC-3; Supplementary Table S2) .
Most MLGs, were private to one sampling site (Figure 3) . Only four MLGs were shared between sites and generally these were only encountered among close by sampling sites located in Galicia (Figure 3) . MLG015 was the most commonly sampled genotype (sampled 103 times, equivalent to 23% of all genotyped P. calcareum individuals) and the only MLG encountered in two biogeographic provinces: Atlantic Spain and Atlantic France (Figures 2, 3) .
Genetic Diversity and Structure of the Maerl Beds at the Two Spatial Scales Studied
All data on multilocus genetic diversity estimates are given in Table 2 . No clear patterns of latitudinal variation of genetic and genotypic diversity were observed at the scale of the NE Atlantic. The mean number of alleles varied between 1.63 and 3.50, and the highest values (Na > 3.00) were found in Trevignon, Illa de Ons and Illas Cíes ( Table 2 ). The higher values of allelic richness (AR) were observed in Illa de Ons and Illas Cíes, when all individuals were included in the analyses ("ramets" data set; AR > 3.00, Table 2 ). Levels of observed heterozygosity (Ho) were usually higher than unbiased expected heterozygosity (He) and the highest values of Ho were detected in Galicia, in the populations from Tulla and Illas Cíes ( Table 2 ). Significant excess of heterozygotes was indeed detected in five sites when all individuals were included in the analyses ("ramets" data set; Trevignon, Barbafeita, Benencia, Tulla, and Con de Pego; Table 2 ). If only genets were taken into account, F IS values retrieved were higher than those for the "ramets" data set at all sites, and significant excess of heterozygotes was detected in Trevignon and Benencia ("genets" data set; Table 2 ). Among ramets, LD values were significant for all sites except Benencia, while among genets, roughly half of the study sites showed significant LD (r d ; Table 2 ). When all these analyses were performed without the two loci with a non-negligible frequency of null alleles (PC-6 and PC-8), the results did not change substantially except for the fact that all F IS were negative and significant, and all r d values were significant among the ramets data set (data not shown).
Private alleles were encountered in all regions except in Atlantic France and the percentage of private alleles was very high in Southern Portugal (12.5% of private allele; Supplementary  Table S3 ). For the "ramets" data set, all pairwise F ST values calculated among sites were significantly different from zero, and ranged from 0.11 to 0.61 (Supplementary Table S4A) . Similarly, F ST values calculated among sites using the "genets" data set were all positive and significant, except among some sites sampled in Galicia and between Tulla and Trevignon (Supplementary Table S4B ). Concerning the relationship between genetic and geographical distance, significant patterns of IBD were observed for both, the "ramets" (Mantel test, P = 0.01) and the "genets" data set (Mantel test, P = 0.0001) (Supplementary Figures S2A,B) .
At the local scale of Galicia, clear differences in genetic diversity and structure were observed between sites located in the outer and in inner-zones of the estuaries (Table 2 and Figure 4) . First, for both data sets, parametric MannWhitney tests (P < 0.05) showed a significantly higher allelic richness in the outer-zones ("ramets" AR = 2.838 ± 0.211; "genets" AR = 2.663 ± 0.175), than in the inner-zones of the estuaries ("ramets" AR = 1.975 ± 0.156; "genets" AR = 2.008 ± 0.168). Expected heterozygosity (He) was also significantly higher (Mann-Whitney test, P < 0.05) in the outer than in the inner-zones of the estuaries for both data sets ("ramets" He = 0.497 ± 0.043 and 0.330 ± 0.052; "genets" He = 0.534 ± 0.043 and 0.395 ± 0.057; results given for the outer and inner-zones, respectively). The F IS values showed a clear excess of heterozygotes only in the innerzones (inner-zones: "ramets" F IS = −0.396 ± 0.168, "genets" F IS = −0.227 ± 0.158; outer-zones: "ramets" F IS = 0.021 ± 0.116, "genets" F IS = 0.070 ± 0.111), and differences between the outer and inner-zones were significant in both data sets (MannWhitney test, P < 0.05). The mean F ST values between sites from the same estuary and between outer estuarine sites were low (F ST < 0.176; Figure 4) . On the other hand, F ST values between inner estuarine sites were much higher (F ST = 0.456; Figure 4) . The results of the AMOVA showed that genetic variation among estuaries (≈19 and 16%; "ramets" and "genets" data set, respectively) is slightly higher than among sites within estuaries (≈14 and 7%; "ramets" and "genets" data set, respectively) whatever the data set under study (Supplementary Tables S5A,B) .
DISCUSSION
Because of the existence of various cryptic species in the maerl beds of the NE Atlantic (Pardo et al., 2014a) , Phymatolithon calcareum specimens cannot be identified using taxonomical criteria based on morphology. This limits the ability to plan a homogeneous population genetic sampling strategy and, indeed, only a few to no specimens of P. calcareum could be collected at four of the fifteen sampled sites. Notwithstanding this limitation, our results show clear signature of clonality affecting both the maerl beds population dynamics (i.e., all beds dominated by the tetrasporophytic phase of the life cycle) as well as genetic diversity and structure. High levels of genetic differentiation suggest that recruitment occurs mostly locally with dispersal being limited by geographic distance but also by coastal configuration and water dynamics. Nevertheless, some rare long-distance dispersal events may have spread clones of P. calcareum over larger areas (e.g., one clone located in two biogeographic regions). We propose a complex interplay between the outcomes of sexual/asexual reproduction, mutation, and hybridization as a possible explanation to the pattern of genetic and genotypic diversity in this maerl forming species.
Slow Accumulation of Genotypic Diversity in a Long-Lived Clonal Maerl Forming Species
The low genotypic diversity, complete absence of gametophytes, and low number of samples producing spores revealed in this study confirms that Phymatolithon calcareum propagates primarily via clonal fragmentation. The pattern of genotypic diversity was highly variable among populations confirming previous reports of geographical variation of phenotypic occurrence of sexual P. calcareum thalli (reports of fertile sporangial maerl plants or small crustose gametophytes : Cabioch, 1969 : Cabioch, , 1970 Mendoza and Cabioch, 1998; Peña et al., 2014b; Only sites where more than ten individuals of P. calcareum were sampled were taken into account. All calculations were performed using both the "ramets" and "genets" data set. $ Note that in Falmouth, all 32 sporophytes were triploids. BI, British Isles; AF, Atlantic France; AS, Atlantic Spain; SP, Southern Portugal; (outer), outer-zone of the Ría; (inner), inner-zone of the Ría. N, number of samples successfully scored (ramets, i.e. morphological individuals). Genets, number of genets detected (i.e., number of individuals produced by sexual reproduction). Na, number of alleles. AR, allelic richness recalculated using a rarefaction method with 11 and 4 samples for the "ramets" and "genets" data sets, respectively. SD, standard deviation. Ho, observed heterozygosity. He, unbiased expected heterozygosity. F IS , inbreeding coefficient. r d , coefficient of Multilocus Linkage Disequilibrium. * P < 0.05.
et al., 2017). However, the genetic estimates of sexual/asexual reproduction provided by the current study do not vary accordingly to the frequency of sexual phenotypes reported previously. Indeed, sexually mature thalli have never been reported in some well-studied maerl beds of Galicia Pardo et al., 2017) or the British Isles (Irvine and Chamberlain, 1994) ; while there are few reports of phenotypic occurrence of sexual reproduction from Brittany (Cabioch, 1969 (Cabioch, , 1970 Mendoza and Cabioch, 1998; Peña et al., 2014b; Pardo et al., 2017) and these are common in the Mediterranean (Bressan and Babbini, 2003; Wolf et al., 2016) . In our study, values of genotypic diversity detected in Brittany (Morlaix and Trevignon) were generally similar or lower to those measured in Galicia, a result opposite to the one expected based on direct observation of mature thalli (see Pardo et al., 2017) . Maerl beds, ten meters thick, can extend over several square-kilometers. This indicates great temporal stability, lasting probably over thousands of years (e.g., Brittany; Grall and Hall-Spencer, 2003) . Such temporal scale may explain why neither production of sexual structures nor sporelings recruitments has ever been observed in some maerl beds. Even if extremely uncommon, successful recruitment of new genets generated by sexual reproduction may have considerable implications on population genotypic diversity in such long-lived sexual/asexual organisms (terrestrial plants: Eriksson and Fröborg, 1996; Stehlik and Holderegger, 2000; seagrasses: Alberto et al., 2005; Arnaud-Haond et al., 2012  FIGURE 4 | Mean (and SE) F ST values calculated between sites within the same estuary, between outer estuarine sites, and between inner estuarine sites in Galicia using eight microsatellite loci. The two populations from the Ría de Muros e Noia, San Francisco and Bornalle, were not included since only three specimens of Phymatolithon calcareum were sampled in San Francisco (i.e., outer-zone, see Figure 2 ). F ST values correspond to the ones calculated using the whole data set (i.e., the "ramets" data set).
soft coral: McFadden, 1997). As stated by Hurst and Peck (1996) , "a little sex may go a long way" and very low rates of recruitment have been shown to produce high genetic variation in long-lived clonal plant (Eriksson and Fröborg, 1996; Stehlik and Holderegger, 2000) . Thus, the maintenance of substantial numbers of different genotypes in some population could be explained by the combined effects of large population size and slow renewal of the populations. Except in Falmouth, where P. calcareum thalli were recognized as putative triploids, all samples from this species were diploid in the maerl beds studied. Moreover, six of the ten beds dominated by diploid tetrasporophytes displayed strong heterozygote excess. An uncoupling of the complex haploid-diploid life cycle and an overdominance of one of the phases (generally dominance of the diploid tetrasporophytes over the haploid gametophytes) has previously been recorded in clonal populations of red algae (Sosa et al., 1998; Guillemin et al., 2008; Kamiya and West, 2010; Krueger-Hadfield et al., 2016) . In those algal populations as in other plant and animal species (Balloux et al., 2003) , heterozygote excess was also detected. Even if recent theoretical studies have shown that neutral dynamics of genotype frequencies in partially clonal organism may explain transient negative values of F IS (Reichel et al., 2016) , heterozygote excess in clonal organisms has classically been related to either passive accumulation of somatic mutations over time (Klekowski, 1997; Ally et al., 2008; Ardehed et al., 2015) or advantage related to heterozygosity (Balloux et al., 2003; Guillemin et al., 2008; Krueger-Hadfield et al., 2016) . These three explanations (i.e., neutral transient dynamics of the F IS , accumulation of somatic mutations and heterozygote advantage) may account for the excess of heterozygotes observed in P. calcareum.
The Special Case of Triploid Clones in the Phymatolithon calcareum Bed From Falmouth
Hybridization and introgression events could be leading to changes in reproductive mode, producing new, generally obligate, asexual genotypes (Gastony, 1986; Tucker et al., 2013) . Supporting this idea, in algae, hybrids of genetically distinct entities have been repeatedly associated with the formation of asexual lineages (in red algae: Kamiya and West, 2008; Kamiya et al., 2011 Kamiya et al., , 2017 in green algae: Ogawa et al., 2015; and in brown algae: Coyer et al., 2006) and with sterility linked to changes in ploidy level (e.g., polyploidy and aneuploidy; Coyer et al., 2006; Montecinos et al., 2017b) . Interestingly, the P. calcareum bed from Falmouth populated by putative triploids is also the population presenting the lowest genotypic diversity and of the only two genotypes identified there, one seems to have arisen from mutations and not from sexual reproduction and recombination. We, thus, propose that in P. calcareum, genetic variation results mostly from successful settlement of sexually produced genotypes and accumulation of new somatic mutations in long-lived clones but that rare events of past hybridization and introgression could have been at the origin of some obligate asexual lineages. The identification of the second potential parental species could not be deduced from our data set. In Falmouth, only two species were detected in the maerl beds, P. calcareum, and Lithothamnion corallioides (Carro et al., 2014; Pardo et al., 2017) . However, other species of Phymatolithon, such as P. lamii or P. laevigatum, have also been reported in the area (Pardo et al., 2017) . Resequencing of regional maerl specimens from the British Isles and Atlantic France for several unlinked genetic markers and the search for incongruence between them could be a first step to test for the existence of hybridization in Falmouth and identify the second parental species (Montecinos et al., 2017a) .
Large-Scale Distribution of Genetic Diversity: Restricted Dispersal but No Clear Influence of Latitude or Historical Climatic Oscillations
At the large European scale, a significant pattern of isolation by distance was detected in P. calcareum, confirming the limited dispersal capacity of spores and gametes observed in various sexually reproducing macroalgae (Durrant et al., 2014) . It seems that even low levels of gene flow, probably more through movement of small rhodoliths or detached branches than through spore recruitments, have been able to connect populations over the whole P. calcareum distribution area. Maerl beds appear to be quite patchy nowadays, but rhodolith dominated benthic communities have reached much more extensive development in the past, colonizing most of the temperate platforms (e.g., during late Miocene; Halfar and Mutti, 2005) , and it is possible that steppingstone migration between large beds could have been more common in the past.
In the NE Atlantic, P. calcareum is steadily replaced by other rhodolith forming species in both the north of the British Isles region and south of Galicia (Carro et al., 2014; Pardo et al., 2014a; Peña et al., 2015) and the most southern and northern sampling sites in the present study are located at the species distribution edges. However, we did not detect any significant pattern of variation of genotypic or genetic diversity with latitude that could be explained by geographic parthenogenesis (Eckert, 2002) or rapid poleward recolonization after the Last Glacial Maximum from genetically rich, lower latitude refugia (Maggs et al., 2008; Neiva et al., 2016) . Nonetheless in macroalgae, shifts toward asexual reproduction have been detected in populations living in highly stressful environments such as in brackish waters of the Baltic Sea (Bergström et al., 2003) and at high intertidal limits and/or at range edges (Suneson, 1982; Fierst et al., 2010; Krueger-Hadfield et al., 2013; Oppliger et al., 2014) . Other hypotheses, as the intermediate disturbance theory, further attempt to explain changes in genetic and genotypic diversity along species ranges (e.g., in the seagrass Zostera muelleri, Macreadie et al., 2014) . Genotypic diversity is expected to be higher in habitats with intermediate disturbance levels where recurrent opening of accessible space allows for the recruitment of new seedlings. In the NE Atlantic, differences in recurrence intervals of hurricane-strength storms or surge-events (Hickey, 2011) may explain in part the high variability in genotypic diversity among our sampling sites.
Successive expansion and contraction events occurring during the Pleistocene have led to a gradient in genetic diversity among most marine species distributed along the NE Atlantic coasts, with high genetic diversity and distinctiveness characterizing populations at the rear edge (i.e., Iberian Peninsula and Algarve) and high genetic homogeneity at the leading edge (i.e., British Isles) (Maggs et al., 2008; Neiva et al., 2016) . The sampling site of Armaçao de Pêra, located in Algarve and corresponding to the southernmost edge of P. calcareum's distribution in the Atlantic (Carro et al., 2014; Pardo et al., 2014a) , presented high genotypic diversity and high numbers of private alleles. This result may be related to long-term stability and isolation of the maerl beds located in South Portugal (the potential rear edge) during the past glacial and interglacial climatic oscillations. However, no latitudinal gradient of genetic diversity could be identified in P. calcareum since most northern beds did not have reduced genetic diversity when compared to the ones from the Iberian Peninsula.
Processes Driving Clonal Distribution at Small Scales: Coastal Configuration, Currents, and Storm Incidence Most of the clones observed in the present study were restricted to one site. This aggregated distribution of clones supports direct observations made by Cabioch (1970) in Brittany proposing that ramets coming from fragments of overgrown rhodoliths mostly accumulate locally and are not necessarily rapidly swept away from their parental plants by currents. Field observations and experimentations have shown that rhodoliths are easily moved over scales of tens of centimeters by wind-propagated waves or disturbances due to bioturbation caused by fish and invertebrates, and can even be transported over meters by swell generated by strong winds (Marrack, 1999 and references therein) . Anthropogenic activities such as bivalve dredging are known to alter the structure complexity of maerl beds in the NE Atlantic (Barbera et al., 2003) and could also facilitate the local spread of rhodoliths (but see Hall-Spencer et al., 2003) .
At the regional scale, coastal topography and hydrodynamics (waves, tides, and currents) seem to control the rate of recruitment of new sexual or asexual propagules and the gene flow between estuarian and coastal populations. The more protected inner-zones of estuaries were characterized by lower genetic and genotypic diversity than coastal outer-zones. This pattern could be linked to a lower rate of recruitment of sexual seedlings in the inner-zones of the estuaries and is indeed concordant with the higher excess of heterozygotes detected in these populations (expected for predominantly asexual populations; Balloux et al., 2003) . In the region of Rías Baixas, connectivity along the coast was reduced between populations located in the inner zone compared to those of the outer-zone. Strikingly similar results have been reported in a brown alga living both inside and outside estuaries along the Australian coast (Hormosira banksii, Coleman et al., 2018) . In H. banksii, patterns of connectivity were linked to coastal topography and water exchange between estuaries and the open coast, where populations inside estuaries acted as sinks of migrants. Inner-zones sampled in our study present a combination of estuarine and marine characteristics while the outer-zones' hydrodynamics are governed by open-ocean water movement (deCastro et al., 2000; García-Gil et al., 2000; Iglesias and Carballo, 2009; Bernabeu et al., 2012) . The geographical limit of each zone varies depending on the seasonal upwellingdownwelling sequences that define the patterns of circulation in the estuaries (Torres and Barton, 2007) . Strong waves and swell affect the outer-zones of Rías Baixas (Bernabeu et al., 2012) and frequent disturbances could enhance recruitment of new genotypes that can be flush inside the Rías by powerful scouring bottom currents during the upwelling season (Iglesias and Carballo, 2009) . Once trapped in the estuaries inner-zones, rhodoliths seem to mostly reproduce asexually. Similarly, a higher rate of asexual reproduction of H. banksia has been measured within estuaries when compared to areas along the open coast (Coleman et al., 2018) . Authors further proposed that estuarine populations could have originated from floating thalli, teared off from neighboring open coast populations after large-scale storms.
Mirroring the results obtained with estimates of population divergence (F ST ), a few MLGs were shared between geographically close populations located in the estuaries outer-zones and those from the inner-zone and the mouth of estuaries. However, one MLG was extremely common in Galicia and spread over the whole sampled region of the Rías Baixas. Since ramets constitute free-living forms after thallus fragmentation in P. calcareum, the geographical range colonized by a single MLG cannot be used to estimate the age of clones (as for example, in the case of Posidonia oceanica, a clonal seagrass reproducing asexually via stolon growth; Arnaud-Haond et al., 2012) . Growth rate of rhodoliths is considered as extremely low (as low as ∼1 mm per year for P. calcareum maerl; Adey and McKibbin, 1970; Blake and Maggs, 2003) and even ramets lifespan can reach hundreds of years (Foster, 2001; Goldberg, 2006) . Speed of formation of new maerl beds have never been estimated. However, the radio carbon age of surface maerl thalli sampled near Trevignon was estimated to be of more than 1000 years BP (Before Present) while thalli sampled deeper in the same maerl bed reached almost 6000 years BP . These results have leaded to the hypothesis that the maerl beds observed in Brittany have accumulated slowly during the las 10.000 years (i.e., since the end of the last glaciation; Grall and Hall-Spencer, 2003) . Interestingly, the estuaries of the Rías Baixas have also reached their current coast lines and bathymetry 11.000 years ago (Méndez and Vilas, 2005) . Because of these antecedents, we propose that the huge spatial and numerical dominance of the MLG015 genet can only have been established over a very long period of time and that extended distribution of some genotypes probably correspond to very old genets that have slowly spread over time to adjacent beds and even over whole region due to episodic large-scale disturbance such as hurricane-like storms. Extreme longevity of genets has been reported in other slow growing clonal organisms and genets age reach tens of thousands of years in the quaking aspen (Kemperman and Barnes, 1976) and in the seagrass P. oceanica (Arnaud-Haond et al., 2012) .
Consequences for the Management and Conservation of Phymatolithon calcareum
Maerl beds are categorized as "vulnerable" in the European Red List of Habitats (Gubbay et al., 2016) and as threatened and/or declining habitats in the OSPAR list (Hall-Spencer et al., 2010) , while P. calcareum is only listed in Annex V of the European Community Habitats Directive 1992 3 as a species whose exploitation requires management. Our study reveals that some clones of P. calcareum might be very old and that its genenotypic diversity has been accumulated over large temporal scales. We therefore question the long term impact of the exploitation of this species and advocate that maerl beds of the NE Atlantic should be considered a non-renewable resource with extremely poor recovery potential (see also Barbera et al., 2003; Hall-Spencer et al., 2010) .
Eight of the 15 maerl beds studied were located in areas with legal protection status. However, strong genetic structure and the generally highly restricted distribution of clones (and alleles) stress the necessity for broader scale protection network, involving all countries with a NE Atlantic shoreline. Maerl beds lack any conservation status in some regions such as South Portugal. Likewise, results obtained at the regional scale indicate that the current protection measures, which are mainly restricted to two maerl beds located within a National Park (Illa Ons and Illas Cíes), may not be enough to preserve the high genetic diversity and complex structure found in Galicia. Galician maerl beds are located in areas characterized by high human population density, critically impacted by agriculture and industrial activities, and a reduction of areas colonized by rhodoliths have been observed during the last decades in the Rías Baixas (Peña and Bárbara, 2008) . Negative impact of ocean
